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Abstract. The effects of intravenous administration of angiotensin II on re-
nal water and electrolyte excretion were examined during hydropenia, water
diuresis, and hypotonic saline diuresis in anesthetized normal dogs and dogs
with thoracic inferior vena cava constriction and ascites (caval dogs). The
effects of unilateral renal artery infusion of a subpressor dose were also
examined.

During hydropenia angiotensin produced a decrease in tubular sodium re-
absorption, with a considerably greater natriuresis in caval dogs, and associ-
ated with a decrease in free water reabsorption (TCH2o). Water and hypo-
tonic saline diuresis resulted in an augmented angiotensin natriuresis, with a
greater effect still observed in caval dogs. In these experiments free water
excretion (CH2O) was limited to 8-10% of the glomerular filtration rate (GFR),
although distal sodium load increased in every instance. In the renal artery
infusion experiments a significant ipsilateral decrease in tubular sodium reab-
sorption was induced, particularly in caval dogs.

These findings indicate that angiotensin has a direct effect on renal sodium
reabsorption unrelated to a systemic circulatory alteration. The attenuation
or prevention of the falls in GFRand effective renal plasma flow (ERPF)
usually induced by angiotensin may partially account for the greater natriu-
retic response in caval dogs and the augmentation during water or hypo-
tonic saline diuresis. However, a correlation between renal hemodynamics
and the degree of natriuresis induced was not always present and, furthermore,
GFRand ERPFdecreased significantly during the intrarenal artery infusion
experiments. Therefore, the present experiments indicate that another mecha-
nism is operative in the control of the angiotensin natriuresis and suggest that
alterations in intrarenal hemodynamics may play a role.

The decrease in TCHSo and the apparent limitation of CH2O associated with
an increase in distal sodium load localize the site of action of angiotensin to
the ascending limb of Henle's loop and the proximal tubule.

Introduction animals independent of its effect on glomerular
filtration rate (1-8). In normal man angiotensinIt has been demonstrated by numerous investi-
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administration is associated with sodium retention,
whiich is generally accounted for by a decrease in
glomerular filtration rate (9, 10). In contrast,
angiotensin many induce a natriuresis in patients
with renovascular or malignant hypertension (10-
13) or cirrhosis with ascites (9). In normal dogs
the administration of angiotensin may be associated
with either an increase or decrease in renal sodium
excretion, depending upon the dose and such ex-
perimental conditions as the use of anesthesia or
the presence of an osmotic diuresis (5, 7, 8, 14,
15). Preliminary experiments reported from this
laboratory have demonstrated that dogs with tho-
racic inferior vena cava constriction and ascites
(caval dogs) have a considerably greater natriu-
retic response to angiotensin than normal dogs
(16, 17). This finding is also suggested in the re-
port of Cannon et al. (14).

In the present experiments the difference in the
natriuretic response of normal and caval dogs to
the intravenous infusion of a pressor dose of angio-
tensin was examined under various experimental
conditions by standard clearance techniques in an
attempt to delineate the factors that influence the
magnitude of this response. In addition, a sub-
pressor dose of angiotensin was infused directly
into one renal artery of normal and caval dogs
in order to evaluate the role of the systemic pres-
sor action on renal sodium excretion more pre-
cisely. The tubular site of action of angiotensin
was also explored by examining the effects on urine
concentration and dilution.

Methods

All experiments were performed on either normal fe-
male dogs or dogs with constriction of the thoracic in-
ferior vena cava and ascites (18) weighing 12-25 kg.
All dogs, except those on a low salt diet, were fed a
standard kennel ration containing 50-60 mEq of sodium
per day. Six groups of experiments were performed un-
der hydropenia or water diuresis.

Hydropenia. Group I consisted of 12 normal and 12
caval dogs. 48 hr before each experiment the animals
were deprived of all food and water, and 16 hr before the
study each dog received 5 U of vasopressin tannate in oil
intramuscularly. All the dogs were anesthetized with so-
dium pentobarbital (30 mg/kg) administered intrave-
nously. An endotracheal tube was then inserted and con-
nected to a mechanical respirator supplying 100% oxygen.
The urinary bladder was catheterized with a number 16
Foley catheter and double air washouts were used to in-
sure complete emptying of the bladder. Blood samples
were obtained through a Cournand needle secured into

a femoral artery. In most of the experiments femoral
blood pressure was monitored with a Statham trans-
ducer (Statham Instruments, Inc., Los Angeles, Calif.)
and Sanborn recorder (Sanborn Co., Waltham, Mass.).

After initial blood and urine samples were obtained,
priming doses of inulin and p-aminohippurate (PAH)
were administered, followed by a sustaining infusion of
these substances in 10%o mannitol in amounts calculated
to maintain the blood level of inulin at 25 mg/100 ml and
PAHat 2 mg/100 ml. Aqueous pitressin, sufficient to de-
liver 50 mU/kg hr, was also added to this infusion which
was administered by a constant infusion pump at 3 ml/
min. The modest mannitol diuresis was produced during
these hydropenic experiments because of the difficulty in
interpretation of changes in solute-free water reabsorp-
tion (TeH2o) at very low rates of solute clearance (Co.m)
(19) and because it permitted the examination of TCH:O
over a range of Cosm. Urine samples were collected every
10 min and blood specimens were drawn at appropriate
intervals. After achieving a steady state (three 10-min
clearance periods with less than 5%o variation in urine
flow), angiotensin II 1 was added to the sustaining infu-
sion in an amount sufficient to deliver 0.1 ,ug/kg min.
Additional urine samples were taken at 10-min intervals
for a minimum of 60 min.

Group II consisted of eight normal and eight caval
dogs studied after 1 wk of salt depletion2 in a manner
similar to that used for group I. Salt depletion was in-
duced by providing a diet containing less than 10 mEq of
sodium per day for 7 days along with a daily intramus-
cular injection of 1 ml of meralluride for the first 4 days
of the diet to insure a period of negative sodium balance.

In group III the effects of a progressive mannitol diu-
resis were examined in nine caval dogs. These animals
were prepared as described in group I. After priming
doses, appropriate amounts of inulin, PAH, and aqueous
pitressin were infused in 0.9% saline at 0.5 ml/min. Af-
ter equilibration, 10% mannitol was infused at progres-
sively increasing rates until a urine flow of 15 ml/min
was attained. Urine and blood samples were taken as
previously described.

Water diuresis. In group IV, five normal and eight
caval dogs were studied during water diuresis. All food
was withdrawn 16 hr before the experiment but water
was permitted ad lib. On the morning of the experiment
an oral water load amounting to 5% of body weight was
administered by a gastric tube. 1 hr later the animals
were anesthetized with 2.5% sodium pentothal (1 ml/kg
intravenously). Endotracheal intubation, urinary bladder
catheterization and emptying, femoral artery blood sam-
pling, and blood pressure monitoring were performed as
described for group I. After initial blood and urine sam-

1 Hypertension-Ciba (1-L asparaginyl-5-1 valyl angio-
tensin octapeptide), generously supplied by Dr. William
E. Wagner, Ciba Pharmaceutical Co., Summit, N. J.

2 Although caval dogs are referred to as "salt depleted,"
it is understood that the period of negative balance sus-
tained by these animals did not actually lead to salt de-
pletion as occurred in normal dogs.
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ples were obtained, priming doses of inulin and PAH
were administered followed by a sustaining solution of
these substances in 0.45%o saline delivered at 0.5 ml/kg
min to maintain a water diuresis. This infusion rate had
previously been demonstrated to maintain water diu-
resis without producing a significant saline diuresis.
After achieving a steady state, angiotensin II was added
to the sustaining infusion to deliver 0.1 /Lg/kg min. Urine
and blood samples were obtained as outlined above.

In group V, eight normal and five caval dogs were
prepared and studied in the same manner as in group
IV except that the sustaining solution of 0.45%o saline
was infused at the higher rate of 1.25 ml/kg min in
order to achieve a saline diuresis.

In group VI, a subpressor dose of angiotensin was in-
fused directly into the left renal artery of five normal and
five caval dogs under hydropenic conditions. These ani-
mals were prepared as described for group I except that
both ureters were catheterized through a midline supra-
pubic incision and a 23 gauge needle was inserted into the
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left renal artery exposed via a flank incision. The needle
in the renal artery was kept patent by a constant infu-
sion of 0.9% saline at 0.5 ml/min. Inulin and PAH
primes were administered followed by a sustaining infu-
sion as in group I. After achieving a steady state, angio-
tensin II was added to the renal artery infusion to de-
liver 0.01 ug/kg min. Urine samples were then collected
from each kidney at 10-min intervals for a period of 60
min.

All plasma and urine samples were analyzed for osmo-
lality with a Fiske osmometer (Fiske Associates, Inc.,
Uxbridge, Mass.). Sodium and potassium content were
determined with a flame photometer (Baird-Atomic, Inc.,
Cambridge, Mass. or Instrumentation Laboratory Inc.,
Boston, Mass.) using lithium as an internal standard.
Chloride concentration was determined by the method of
Schales and Schales (20) or the titrimetric method of
Cotlove et al. (21). Inulin was determined by the method
of Schreiner (22) and PAH by the method of Smith
et al. (23).
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FIG. 1. EFFECTS OF ANGIOTENSIN II ON FRACTIONAL SOLUTEEXCRETION (COSM/CINULIN), FRACTIONAL SODIUM EXCRE-

rlON (CSODIUM/CINULIN) AND FRACTIONAL SOLUTE FREE WATERREABSORPTION (TeH2O/CINULIN) IN NORMALAND CAVAL
l1OGS DURING HYDROPENIA. The control represents the average of three steady state periods before angiotensin. The
.ingiotensin period represents the period of maximal sodium excretion after angiotensin. The control and angiotensin
period from individual experiments are joined.
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Glomerular filtration rate (GFR) and effective renal
plasma flow (ERPF) were calculated as the clearance
of inulin and PAH, respectively. Co.m was calculated
from the equation Co.m = UoxmV/Povm, where Uosm =
urine osmolality, V = urine flow, and Posm = plasma os-
molality. TCHzO was derived from the equation TOH20 =
Cosm- V. The rate of solute-free water excretion (CH2o)
was derived from the equation C2o = V - Cosm. Frac-
tional sodium excretion (per cent of the filtered load of
sodium excreted) was calculated as CNa/CIn X 100, where
CNa represents sodium clearance and CG., inulin clearance.
Similarly, fractional solute excretion, fractional solute-
free water reabsorption, and fractional solute-free water
excretion were calculated from Cosm/Cin X 100, TCH2o/
C1n X 100, and CH20/CIn X 100, respectively. Fractional

distal sodium load was calculated as CNa + CH2o/CI X
100. Significance was tested by standard statistical
analysis.

Results

During the first postangiotensin collection pe-
riod, a decrease in fractional sodium excretion was
observed in all the experiments, usually accom-
panied by a fall in GFR. Thereafter two patterns
of response were noted. Either sodium excretion
returned toward the control level or a distinct
natriuresis was observed with the maximal natriu-
retic effect occurring 20-30 min after the start of

TABLE I

Summary of effects of angiotensin II under hydropenic conditions*

V Co m UNaV UKV CNa/Cln TcHo2/CIn CIn CPAH Mean BPT

ml/min ml/min uiEqimin juEq/min % % mil/min ml/min mmHg
Normal dogs (12)

Mean control
(±-SE)

Mean angiotensin
(±-SE)

Mean difference
(-+SE)

Mean control
(4-SE)

Mean angiotensin
(-+SE)

Mean difference
( ±SE)

Mean control
(4±SE)

Mean angiotensin
( ±SE)

Mean difference
(4±SE)

3.8
( ±0.2)

4.5
( ±0.3)

6.7
( ±0.3)

7.0
( ±t0.3)

134 61 2.3 6.3 48.2
(±27) (± 7) (±0.5) (±t0.6) (i4.3)

171 72 3.0 5.8 45.3
(±27) (± 7) (i0.5) (i0.7) (±4.0)

132
(i10)

127
( 49)

135
( ±5)

181
(±7)

+0.7 +0.3 +37 +11 +0.7 -0.5 -2.9 -5 +46
(±0.1) (±0.1) (±22) (± 5) (i0.3) (i0.2) (±1.0) (±-1) (±7)

Caval dogs (12)
3.3 5.3 147 57 3.0 6.1 33.6 117

(±t0.4) (±-0.5) (±26) (±4 7) (±0.7) (±0.4) (±2.7) (±10)
7.0 8.3 554 107 10.9 3.7 34.6 113

(±1.1) (±1.1) (±28) (i19) (±1.9) (±0.7) (±2.6) (i9)

+3.7 +3.0 +407 +50 +7.9 -2.4 +1.0 -4
(±-0.8) (±4-0.7) ( ± 104) ( ± 13) ( ±0.9) ( ±0.5) ( ±0.4) ( 44)

139
(±9)

193
(±-9)
+54
( ±3)

Low salt-normal dogs (8)
4.4 5.8 55 61 1.3 3.5 37.8 133 142

(±-0.2) ( ±0.3) ( ± 15) (± 10) (±i0.5) (±4t0.7) (±-4.6) (±i 19) ( ±7)
4.5 5.6 61 59 1.4 2.8 37.6 113 160

(±40.3) (±40.3) ( ± 13) ( ± 10) (±-0.5) (±-0.9) (±i4.6) (±+19) (±44)
+0.1 -0.2 +6 - 2 +0.1 -0.7 -0.2 -20 +18

(±-0.2) (±0.1) (±8) (± 3) (±0.3) (±0.4) (40.6) (±5) (43)

Mean control
(4±SE)

Mean angiotensin
(=±=SE)

Mean difference
(±ASE)

Low salt-caval dogs (8)
5.8 7.4 230 76 3.3 3.5

(±+0.8) (±40.7) ( ±79) (± 18) (±10.9) ( ± 1.1)
44.0 152

(±4.3) (±11)
139

( ±9)
9.9 10.2 625 93 9.3 0.2 46.9 138 171

(±-0.9) ( ±1.0) ( ±132) (±421) ( ± 1.7) ( ± 1.4) (±3.5) (±12) (±[ 10)

+4.1 +2.8 +395 +17 +6.0 -3.3 +2.9
(±0.9) (40.9) (±114) (± 7) (±1.4) (±0.7) (±1.8)

-14 +32
( ±E8) ( 2)

* V, urine flow; Co.rn, solute clearance; UNaV, sodium excretion; UKV, potassium excretion; CNa/CIn, sodium to inulin
clearance ratio; TcH2o/CI50 free water reabsorption to inulin clearance ratio; Ci., inulin clearance; CPAHI, p-aminohip-
purate clearance; Mean BP, mean blood pressure; SE, standard error of the mean.

$ The mean blood pressure for the angiotensin period represents the maximal mean blood pressure observed in
response to angiotensin and not the blood pressure recorded during the period of maximal sodium excretion.
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FIG. 2. EFECTS OF ANGIOTENSIN II ON COSM/CINULIN, CBODIUM/CJNULIN, ANDTCH1o/CINUraN IN NORMALAND CAVAL
DOGSDURINGHYDROPENIAAFTER SALT RESTRICTION. The control and angiotensin periods are defined as in Fig 1.

the angiotensin infusion. In all experiments a rise
in blood pressure was noted within 60 sec after
the angiotensin infusion and reached a peak at ap-

proximately 5-7 min. Thereafter the blood pres-

sure very gradually declined but never returned to
control level while the angiotensin infusion was

continued. The data were analyzed by comparing
the control with the clearance period of maximal
sodium excretion after angiotensin. The angio-
tensin period referred to in the text, tables, and
figures represents the period of maximal sodium
excretion after angiotensin. The control repre-

sents the mean of three steady state collection pe-
riods immediately before the infusion of angio-
tensin. The results described below are expressed
as the mean of all controls and peak angiotensin pe-

riods for each experimental group. When dis-
cussing fractional excretion, the changes represent
per cent of GFR. In all other situations the
changes represent per cent of initial value.

Hydropenia. These results are summarized in
Fig. 1 and Table I. Angiotensin produced a slight
natriuresis in 10 of 12 normal dogs fed a regular
salt diet. UN.V increased 37 pEq/min and CNa/
CIn increased 0.7%o. In contrast, all 12 caval dogs
had a marked natriuretic response to angiotensin
with UNaV increasing 407 JuEq/min and CN/GCID
increasing 7.9%. TeH2o/CIU decreased 0.5%o and
2.4%o in normal and caval dogs, respectively. Ci,,
decreased a mean of 4.1%o in normal and increased
a mean of 3.1%o in caval dogs. CPAH decreased
slightly in both groups, 3.8%o in normal and 3.4%o
in caval dogs. Mean blood pressure increased 46
mmmercury in normal dogs and 54 mmmercury
in caval dogs.

Hydropenia-salt depletion. These results are
summarized in Fig. 2 and Table I. With salt
restriction both groups of animals sustained a 10%o
decrease in body weight. In normal dogs there
was a loss of the natriuretic response to angio-

2113
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tensin, whereas in caval dogs a brisk natriuresis
was still evident although the increase in CNa/Cln
of 6.0%o was slightly less than the 7.9%o increase
obtained in caval dogs on a regular salt intake.
This difference was not statistically significant
(P > 0.3). TCHIo decreased slightly in normal
dogs, whereas a marked fall in TCH0 occurred in
caval dogs with five of the eight animals excreting
a dilute urine. CIn did not change in normal dogs
and increased 6.5 %o in caval dogs. CPAHdecreased
in both groups, 15% in normal dogs and 9.2% in
caval dogs. Salt restriction resulted in a marked
reduction in the pressor response to angiotensin in
both normal and caval dogs, with mean blood pres-
sure increasing only 18 mmand 32 mmmercury,
respectively. These responses were significantly
lower than in group I (P < 0.05).

Progressive mannitol diuresis. In Fig. 3 the
pattern of TCHIO formation in nine caval dogs dur-
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2.0
TCH20

ml/min

1.5

1.0
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0

ing a progressive mannitol diuresis is depicted.
As Cosm increased from nondiuretic levels to 10 ml
/min, TCHO increased from approximately 0.5 to
2.7 ml/min. Thereafter, TCH,0 remained stable as
Cosm increased to 16 ml/min. In the same figure
the effect of angiotensin on TCHE0 formation in 12
caval dogs is shown for contrast. In 11 of the 12
experiments the increase in COsm associated with
angiotensin was accompanied by a fall in TCHO
over the same range of Cosm in which TCH2o in-
creased with mannitol.

Water diuresis. These results are summarized
in Fig. 4 and Table II. Although 0.45% saline
was infused to maintain water diuresis, the con-
trol Uosm of 62 mOsm/kg of H2O in normal dogs
and of 61 mOsm/kg of H2O in caval dogs, as well
as the low control CNa/CIn of 1.0% and 0.7%o, re-
spectively, indicates that a significant saline diu-
resis was not produced. After angiotensin CNa/

0 0 0 0 00

1 2 3 4 5 6 7 8 9 10 I I 12 13 14 15 16 17 18

Cosu ml/min

FIG. 3. COMPARISONBETWEENTHE EFFECTS OF MANNITOL AND ANGIOTENSIN II ON THE RELATIONSHIP OF T0H20 TO
COSmIN CAVAL DOGS. The open circles represent all the clearance periods during mannitol infusion in nine caval dogs.
The thin curved line represents the best fit as determined by inspection. The solid circles and solid squares represent
the control and angiotensin periods in 12 caval dogs and are defined as in Fig. 1.
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FIG. 4. EFFECTS OF ANGIOTENSIN II ON CSODIUM/CINULIN AND FRACTIONAL SOLUTE FREE WATEREXCRETION (CH-o/
CINULIN) IN NORMALAND CAVAL DOGSDURING WATERDIURESIS. The control and angiotensin periods are defined as in
Fig. 1.

C51 increased 3.7%o in normal and 9.1% in
caval dogs. The greater response in caval com-

pared to normal dogs was highly significant (P <
0.01). Control CH2o/CIn was 8.7% in normal
and 8.8%o in caval dogs. After angiotensin the
change in CH2o/CIn in both groups of animals was

variable, with no mean change in normal dogs but
with a decrease of 1.6% in caval dogs. Examina-
tion of the individual responses in caval dogs,
however, suggests that if CH2o/CIn was higher
than 8%o during control, it tended to fall after
angiotensin, and if below 8%o, it tended to rise.
Cl11 increased 4.4%o in normal dogs and 15.4%o in
caval dogs. CPAH decreased in both normal and
caval dogs, 14.5%o and 3.5%o, respectively. Mean
blood pressure increased 28 mmmercury in nor-

mal dogs and 41 mmmercury in caval dogs.
After angiotensin fractional distal sodium load
increased in both groups, with a greater effect in
caval dogs, 7.5% as against 3.9%o.

Hypotonic saline diuresis. These results are

summarized in Fig. 5 and Table II. In the normal
dogs control U,.m was 143 mOsm/kg of H20 and
control CNa/CIn was 14.0%o In contrast, much less
sodium was excreted in caval dogs in response to
the same infusion rate; control Uosm was 79
mOsm/kg of H,0 and control CNa/CIn was 5.0%o.
After angiotensin CNa/CIn increased 8.4%o in nor-

mal dogs and 18.2% in caval dogs. Control CH2O/
C111 was 12.0%o in normal dogs and 14.3%o in caval
dogs and in every instance decreased after angio-
tensin, 3.7%o in normal dogs and 3.8%o in caval
dogs. As suggested during water diuresis, angio-
tensin appeared to limit CH2O to approximately
8-10%o of the filtration rate. C11 increased 8%7o in
normal dogs and 15.2%o in caval dogs. CPAH de-
creased in normal dogs 11.6%o and increased in
caval dogs 3.2%o. Mean blood pressure increased
63 mmmercury in normal dogs and 38 mmmer-

cury in caval dogs. Fractional distal sodium load
increased 4.7%o in normal dogs and 14.4%o in
caval dogs.

I
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In Fig. 6 fractional free water excretion is
plotted against fractional distal sodium load in
caval dogs during both water and hypotonic saline
diuresis. In this graph all the clearance periods
before and after angiotensin administration are
shown. It is evident that in spite of a marked in-
crease in the amount of sodium reaching the dilut-
ing segment (as approximated by distal sodium
load), free water excretion is limited to approxi-
mately 10%o of the filtration rate after angiotensin.

Renal artery infusion of angiotensin. These re-
sults are summarized in Table III and Fig. 7.
The infusion of a subpressor dose of angiotensin

into the left renal artery of normal dogs resulted
in a variable effect on sodium excretion. Three
of the five dogs demonstrated an ipsilateral natriu-
resis, with CNa/CIn increasing 0.6%o for the group,
whereas on the control side there was no change
in fractional sodium excretion. TCH2o did not
change on either side. In five caval dogs an ipsi-
lateral natriuresis was observed in each instance
with CNa/CIn increasing 4.8%o. On the control
side fractional sodium excretion decreased 0.5%o.
Associated with the natriuresis on the -experi-
mental side, TCHBo/CIn decreased 1.4%o, whereas
it increased 0.8% on the control side. C1. de-

TABLE II

Summary of effects of angiotensin II during water and hypotonic saline diuresis*

V Uosm UNaV UKV CNa/CI. CH20/CI, CNa/CIn+ CIn CPAH Mean BP§
CH20/Cfl:

ml/min mOsm/kg uEq/min uEq/min % % % ml/min ml/min mmHg

Mean control 8.0
(±stE) (--1.0)

Mean angiotensin 11.4
( ±4SE) ( ±t 1.6)

Mean difference +3.4
(±SE) (±-1.0)

62
( ±E5)

112
(±-16)

105
(±-31)

529
(±195)

Water diuresis-
51 1.0

(±4-17) (4±0.2)
74 4.7

(±16) (±1.5)

-normal dogs (5)
8.7

(±--1.3)

8.9
(±+ 1.7)

+50 +424 +23 +3.7 +0.2
(±-18) (±166) (-- 6) (±1.1) (±0.6)

9.7 75.6 227
( ±- 1.4) ( ±- 12.4) (±4-22)

13.6 78.9 194
(±-1.8) (±4 12.4) (±-23)

+3.9 +3.3 -33
(+1.1) (±1.1) (±9)

Water diuresis-caval dogs (8)
Mean control 6.7 61 64 23 0.7 8.8 9.5

(±JtSE) (±0.8) (±1=9) (±-19) (±- 3) (±4-0.2) (±4-1.2) ( -± 1.3)
Mean angiotensin

(±lSE)

Mean difference
( ±S E)

Mean control
( ±tSE)

Mean angiotensin
( --SE)

Mean difference
( ltSE)

12.9 168 1009 80 9.8
(±4-1.5) (±-40) (± 159) (± 10) (±0O.9)

+6.2 +107 +945 +57 +9.1
(±-1.5) (±4-17) (±--152) (±-10) (±-0.8)

18.5 143
(±-2.7) (±11)

24.1
(±-3.1)

7.2 17.0
(±1.1) (±1.2)
- 1.6 +7.5

( ±1 1.5) (±4--1.7)
Hypotonic saline diuresis-normal dogs (8)

1254 60 14.0 12.0 26.0 67.3
(±i-249) (±4-13) (±--2.5) (±-0.3) (±+-2.5) (±i-6.3)

198 2148 89
(±-8) (±-327) (± 12)

+5.6 +55 +894 +29
(±0.7) (±6) (±1193) (± 9)

22.4 8.3 30.7
(±4-2.1) (±i-0.6) (4-2.0)

+8.4 -3.7 +4.7
( ± 0.8) (±4-0.6) ( ±- 1.2)

62.3 174 147
(±5.2) (±=21) (±410)

71.9 168 188
( ±E6.2) ( ±- 19) ( ±- 12)
+9.6 -6 +41

(±1-3.3) (±-10) ( ± 7)

178
(±15)

157
(±i-6)

72.7 159 220
(±47.4) (±18) (±6)

+5.4 -19 +63
(±2.0) (±7) (±-4)

Mean control 11.4
(±SE) (±-1.1)

Mean angiotensin 20.0
(±SE) (±2.0)

Mean difference
(---SE)

79 351
(±9) (±113)

178 1946
( 8) ( ± 151)

+8.8 +99 +1595 +41
(±2.4) (±10) (4234) (±13)

Hypotonic saline diuresis-caval dogs (5)
75 5.0 14.3 19.3 57.4

(±-20) (±4-1.4) (±--0.9) ( ± 2.0) (±t-6.4)
116 23.2 10.5

(±-25) (±2.9) ( ± 1.2)

+18.2 -3.8 +14.4
( ±3.5) ( ±0.9) ( 4.3)

149
(±+ 20)

33.7 66.1 153
(±3.9) (±5.4) ( 20)

128
(±-9)

166
(±8)

+8.7 +4 +38
(±2.8) ( 6) (±4-2)

158
( ±5)

186
(±10)
+28

(i11)

* Uosm, urine osmolality; CH2o/CT., free water to inulin clearance ratio; other abbreviations are the same as in Table I.
$ Represents an approximation of fractional distal sodium load.
§ The mean blood pressure for the angiotensin period represents the maximal mean blood pressure observed in re-

sponse to angiotensin and not the blood pressure recorded during the period of maximal sodium excretion.
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TABLE III

Effects of a subpressor dose of angiotensin II infused into the left renal artery*

V Cosm UNaV CNA/Csn Tcs2o/Cin Cin CPAH

Rt L§ R L R L R L R L R L R L

mi/min ml/min uEq/min % % ml/min ml/min
Normal dogs

1. Control 1.8 2.0 2.9 3.2 67 84 2.9 3.4 5.9 6.1 18.5 19.6 59 63
Angiotensin 1.9 2.1 3.1 3.3 66 78 2.8 3.1 6.3 6.3 19.0 20.1 61 67

2. Control 2.3 2.1 4.1 3.7 58 49 1.8 1.7 6.9 6.8 26.2 23.4 107 101
Angiotensin 2.0 2.0 3.9 3.5 30 55 0.9 1.9 7.2 7.0 26.5 21.5 82 66

3. Control 1.9 2.0 2.9 3.1 30 42 1.5 2.1 6.0 6.4 16.6 17.1 64.8 67.7
Angiotensin 1.9 2.0 2.9 2.9 33 56 1.8 3.1 6.3 5.9 16.0 15.3 52.3 44.2

4. Control 2.1 2.2 4.0 3.9 132 111 2.8 2.8 6.4 5.9 29.9 30.4 103 102
Angiotensin 2.2 1.9 3.9 3.2 131 79 3.4 2.7 6.3 5.6 27.1 22.8 80 73

5. Control 1.8 1.7 2.3 2.6 54 48 4.3 3.2 4.9 7.3 10.3 12.4 51.7 56.4
Angiotensin 1.9 1.5 2.4 2.3 56 55 4.7 5.0 5.1 8.9 9.9 9.0 45.3 35.8

Mean control 2.0 2.0 3.2 3.3 68.2 66.8 2.7 2.6 6.0 6.5 20.3 20.6 77.1 78.0
(4SE) (t0.1) (40.1) (±0.3) (±E0.2) (±15.0) (412.0) (±0.4) (±+0.3) (±E0.4) (±0.2) (±3.0) (±2.7) (±-10.0) (48.7)

Mean angiotensin 2.0 1.9 3.2 3.0 63.2 64.7 2.7 3.2 6.2 6.7 19.7 17.7 64.1 57.2
(4SE) (±40.1) (40.1) (±0.3) (±0.2) (±17.0) (±5.0) (±0.6) (±0.5) (40.3) (40.5) (±2.9) (±2.3) (±-6.7) (±6.5)

Mean difference 0 -0.1 0 -0.3 -5.0 -2.1 0 +0.6 +0.2 +0.2 -0.6 -2.9 -13.0 -20.8
(4±SE) (±:0.1) (±-0.1) (±+-5.0) (±7.0) (±0.3) (±0.1) (±-0.3) (±-0.5) (±41.2) (±44.5) (4±5.9)

Caval dogs
6. Control 1.4 1.4 2.3 2.1 15 23 0.5 0.9 4.1 3.2 22.1 19.6 42.9 36.3

Angiotensin 1.5 2.2 2.5 2.3 16 91 0.6 4.8 5.0 0.7 20.0 15.1 37.6 25.4

7. Control 1.4 1.6 2.0 2.3 6 10 0.6 0.8 5.6 6.0 10.7 11.7 55.8 55.3
Angiotensin 1.5 2.2 2.3 2.7 8 106 0.6 8.9 6.6 5.0 12.2 10.0 48.3 24.0

8. Control 2.0 1.9 3.1 3.0 98.8 101 3.8 3.9 5.4 5.5 20.2 19.9 61.4 60.9
Angiotensin 1.7 2.6 3.0 3.3 92.2 210 3.7 10.0 6.7 4.3 19.4 16.2 53.2 40.6

9. Control 1.4 1.8 2.7 3.3 19 75 0.8 2.9 6.5 7.6 20.0 19.7 65.7 64.0
Angiotensin 1.4 2.4 2.7 3.8 18 157 0.7 6.2 6.6 7.2 19.7 19.3 59.4 59.9

10. Control 2.8 2.5 4.4 4.0 158 127 4.8 3.7 6.0 5.4 26.7 27.8 80.4 79.8
Agniotensin 2.1 2.8 3.7 3.5 75 155 2.5 6.3 6.6 3.5 24.4 20.1 59.5 45.1

Mean control 1.8 1.8 2.9 2.9 59.4 67.2 2.1 2.4 5.5 5.5 19.9 19.7 61.2 59.3
(4±SE) (±0.2) (±0.2) (±0.4) (±0.3) (±26.6) (±20.0) (±0.8) (±0.6) (±i-0.4) (±-0.6) (±2.4) (±-1.9) (±5.5) (±16.3)

Mean angiotensin 1.6 2.4 2.8 3.1 41.8 144 1.6 7.2 6.3 4.1 19.1 16.1 51.6 39.0
(±SE) (±0.1) (±0.2) (±0.2) (±0.2) (±15.5) (±-18.5) (±0.6) (±0.9) (±0.8) (+0.9) (±1.8) (±+1.7) (3.6) (±5.9)

Mean difference -0.2 +0.6 -0.1 +0.2 -17.6 +76.8 -0.5 +4.8 +0.8 -1.4 -0.8 -3.6 -9.6 -20.3
(±SE) (±0.1) (40.1) (+0.3) (40.6) (±14.6) (±12.2) (i1.0) (±0.9) (±0.2) (±0.3) (±0.6) (±1.1) (±2.5) (±5.2)

* Abbreviations are the same as in Table I.
t R, the right or control kidney.
§ L, the left or experimental kidney.

creased on the experimental side in both normal bular sodium reabsorption in caval dogs than in
and caval dogs, 14.1% and 18.3%, respectively. normal dogs. This difference was still apparent
On the control side CIn fell very slightly. CPAHde- when the natriuretic action of angiotensin was aug-
creased on the experimental side in both groups, mented in normal dogs by water or hypotonic sa-
26.7%o in normal dogs and 34.2% in caval dogs. line diuresis. The greater response in caval dogs
On the control side CPAHalso decreased in normal cannot be attributed to hyperaldosteronism or hy-
and caval dogs, 16.9%o and 15.7%o, respectively. perangiotensinemia, since salt-depleted normal
In no instance was there a measurable increase dogs with similar increases in aldosterone secre-
in blood pressure. tion and circulating angiotensin (24) had no natri-

Discussion uretic response to angiotensin. In addition, acute
(15) and chronic8 aldosterone administration in

The present experiments clearly establish that 3 Porush, J. G., and S. M. Rosen. Unpublished ob-
angiotensin causes a greater inhibition of renal tu- servations.
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normal dogs does not lead to an augmented natriu-
retic response to angiotensin.

Some investigators (5, 14) have suggested that
the natriuretic action of angiotensin is unmasked in
normal dogs under anesthesia or while undergoing
an osmotic diuresis as a consequence of the reduced
renal vasoconstricting action of angiotensin (as
manifest by attenuated falls in GFRand ERPF)
seen in these experimental modifications. Cannon
et al. (14) also suggested that the natriuretic re-

sponse of caval dogs could be explained by the
same mechanism. Blunting of the renal vasocon-

stricting effects of angiotensin by anesthesia (and
possibly by the infusion of mannitol) may be par-

tially responsible for unmasking the natriuretic re-

sponse during the hydropenic experiments. Fur-
ther diminution of the renal vasoconstricting ef-
fect of angiotensin may account, in part, for the
augmented response during water and hypotonic
saline diuresis and appears to play a role in the
augmented response of caval dogs. However, it
is also apparent from the present experiments that
this mechanism does not fully explain the greater
natriuretic response in caval dogs. Moreover,
the natriuretic action of angiotensin was not al-
ways associated with attenuation of the constricting
effect on renal blood vessels or correlated with
the degree of blunting. In those experiments in

which angiotensin was infused directly into the
renal artery significant vasoconstriction was ap-

parent in both normal and caval dogs as evidenced
by the decreases in GFRand ERPF (with greater
falls in caval dogs) (Table III), yet an ipsilateral
natriuresis was still noted in both groups with a
much greater effect in caval dogs. In addition, the
most striking difference in the natriuretic response
between caval and normal dogs was noted during
the hydropenic experiments where the effects on
GFRand ERPF were not significantly different.
Finally, the greater response during hypotonic
saline diuresis compared to water diuresis was not
associated with significantly different renal hemo-
dynamic effects in either normal or caval dogs.

It has been suggested that an extrarenal circu-
latory alteration is necessary for the angiotensin
natriuresis (14, 25). It is possible, therefore, that
differences in the systemic pressor response to
angiotensin may account for the augmented natri-
uresis in caval dogs as well as during water or

hypotonic saline diuresis. However, the intra-
renal artery infusion experiments demonstrate that
a subpressor dose of angiotensin is effective in pro-

ducing an ipsilateral natriuresis, with an aug-
mented response still present in caval dogs. Fur-
thermore, in most instances there was no corre-
lation between the extent of the natriuresis and the

CONTROLKIDNEY

2119
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degree of blood pressure elevation produced by
systemic administration of angiotensin. Only in
salt-depleted normal dogs and in normal dogs
undergoing a saline diuresis did it appear that the
systemic pressor action of angiotensin played a
role (Tables I and II). Nevertheless, it seems
clear that angiotensin has a direct renal action in-
dependent of an extrarenal circulatory alteration.

Whether the renal effect of angiotensin is due
to direct interference with a sodium transport
system in the tubule or mediated by an alteration
in intrarenal hemodynamics is not clear. Although
both proposals are possible, the latter seems more
compatible with the known vasoactive properties of
angiotensin. Accordingly, it is possible that the
increased natriuretic response in both normal and
caval dogs during water diuresis compared to the
hydropenic state and the further augmentation dur-
ing hypotonic saline diuresis may be related to an
alteration in intrarenal hemodynamics. In this re-
gard, an increase in medullary blood flow has been
demonstrated during these diuretic states (26, 27).
Therefore, it may be conjectured that water and
saline loading condition the kidney to the natriu-
retic action of angiotensin by their effects on in-
trarenal blood flow in addition to attenuating or
preventing the fall in GFRand ERPF. It may be
further postulated that dogs with thoracic inferior
vena cava constriction and ascites have a similar
alteration of intrarenal blood flow (perhaps due to
extracellular volume expansion which also occurs
during water and saline loading) accounting for
the augmented natriuretic response to angiotensin
in these dogs.

The consistent increase in potassium excretion
as sodium excretion increased (Tables I and II)
places the action of angiotensin proximal to the
sodium-potassium exchange site in the distal tu-
bule. In an attempt to localize the site of action
of angiotensin more precisely, we performed the
present experiments under maximal hydropenia or
water diuresis so that the effects on TCH2o and
CH2O could be assessed. During hydropenia the
natriuresis noted in normal dogs and the decrease
in TcH20 were too small to evaluate with any con-
fidence. In caval dogs, however, a significant de-
crease in TcH2o was noted after angiotensin, a
decrease which correlated with the degree of natriu-
resis and chronologically paralleled the natriu-
retic effect, suggesting that the fall in TCH2O was

directly related to the inhibition of tubular sodium
reabsorption and not to an independent action on
urine concentration.

Insofar as TCH2O is determined by medullary
hypertonicity, which is dependent in large part on
sodium reabsorption at the ascending limb of
Henle's loop (28-32), the fall in TeH20 accom-
panying the natriuresis in caval dogs is best ex-
plained by the inhibition of sodium reabsorption at
this site. An alternate hypothesis would place the
locus of action of angiotensin in the proximal tu-
bule, with the fall in TCH2o explained by the
entrance into the collecting duct of a large
volume of hypotonic fluid such that TcH20 de-
creases even though solute-free water is abstracted
at increasing rates at this site (33, 34). This
mechanism may be responsible for the fall in TCH2o
and the dilute urine sometimes obtained after an-
giotensin in salt restricted caval dogs, where TcH2o
tended to fall at relatively low rates of solute ex-
cretion even before angiotensin administration
(Fig. 2). However, it is unlikely that this mech-
anism accounts for the decrease in TcH2o noted
in caval dogs on a regular diet, since TeH20 was
usually still rising at the time of angiotensin ad-
ministration, and in no experiment was a dilute
urine formed (Fig. 1). In addition, during man-
nitol diuresis the increased delivery of sodium to
the loop of Henle was generally associated with an
increase in TeH20 over the same range of Cosm asso-
ciated with a fall in TCH2o when produced by angi-
otensin (Fig. 3).

If the entire natriuresis observed with angio-
tensin was derived from the ascending limb, it
might be expected that medullary hypertonicity
and TcH20 formation would be largely eliminated
in those experiments in which a large increase in
sodium excretion was noted. In no instance, how-
ever, did this occur in caval dogs on a regular diet,
including experiments in which the increase in
fractional sodium excretion was 10%o or greater
(Fig. 1). This suggests that angiotensin inhibits
sodium reabsorption at a site in addition to the
ascending limb. On the basis of alterations in
TeH20 it is not possible to distinguish between the
proximal and distal tubule as the additional site in
the presence of a partial block at the ascending
limb.

During water diuresis and hypotonic saline diu-
resis angiotensin appeared to place a limit on the
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capacity of both normal and caval dogs to excrete

free water (Figs. 4-6). This limitation resembles
the effect of furosemide on CH2o reported by Suki
et al. (35). If the diluting segment of the nephron
is divided into two sites, a medullary and cortical
portion, as proposed by these authors, then the
results suggest that angiotensin blocks one site,
leaving the other available to generate free water.

Taken in conjunction with a decrease in TCH2O, a

block in the medullary diluting segment or as-

cending limb of Henle's loop would have to be
postulated.

Inhibition of sodium reabsorption in the proxi-
mal tubule may be explored during water diuresis
by examining the effects of angiotensin on distal
sodium load. If it is assumed that free water is
formed primarily by the reabsorption of sodium at
water impermeable segments, then the sum of CNa
+ CHSOcan be used as an approximation of the
amount of sodium leaving the proximal tubule.
During water and hypotonic saline diuresis distal
sodium load increased in every instance after angi-
otensin, pointing to a proximal action of angio-
tensin. It is possible that inhibition of sodium re-

absorption in the ascending limb could decrease
water reabsorption from the descending limb and
collecting duct (26, 35), thereby making the sum

of CNa + CH2o greater than control without a true
increase in the amount of sodium leaving the prox-

imal tubule. However, the increase in distal so-

dium load was almost exclusively due to an in-
crease in sodium clearance which frequently ex-

ceeded 20% of the filtered load after angiotensin.
Although this degree of natriuresis might still be
accounted for by a block at the diluting segments,
it seems unlikely that CH2o could be maintained at
8-10%o of the glomerular filtrate when more than
20% of the filtered sodium was excreted if the in-
hibition occurred at the diluting segments only.
Thus, by examining the effects of angiotensin on

water excretion during hydropenia and water diu-
resis, it is concluded that in the dog angiotensin in-
hibits sodium reabsorption in the proximal tubule
and ascending limb of Henle's loop.

In normal and caval dogs the effect of angioten-
sin on CH2o was essentially the same. This could
indicate a similar degree of block at the diluting
segment with the greater natriuretic effect of angio-
tensin in caval dogs derived primarily from a

greater degree of interference with sodium reab-

sorption in the proximal tubule. Since an in-
crease in proximal tubular sodium reabsorption has
been demonstrated after constriction of the tho-
racic inferior vena cava (36), it is possible that the
greater natriuresis in caval dogs is due, in part,
to the antagonism of this salt-retaining mechanism
by angiotensin.
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